A nanosensor was developed for hydrogen peroxide determination based on nafion/graphene oxide/silver nanoparticles/tertiary butylhydroquinone (TBHQ) modified glassy carbon electrode (N-GO/AgNPs/TBHQ/GCE). Cyclic voltammetry was used to investigate the electrochemical behavior of this modified electrode and differential pulse voltammetry was used for the reduction of H 2 O 2 . The limit of detection was 0.46 µmol L -1 and three linear calibration ranges were obtained for H 2 O 2 determination from 1.52-9.79 µmol L -1 for first linear segment, 9.79-231.0 µmol L -1 for second linear segment and 231.0-8330.0 µmol L -1 for third linear segment. Finally, the reliability of the nanosensor was confirmed in the real sample analysis in different beverages with satisfactory results.
Introduction
tert-Butylhydroquinone (TBHQ) is a well-known food-grade antioxidant, which has been applied as an efficient preservative for unsaturated vegetable oils, abundant meat products and edible animal fats at low concentrations (less than 0.02%). 1 The presence of TBHQ does not change the flavor, odor and color of the material which it is added to. 2 This compound is a derivative of hydroquinone by substitution of tert-butyl group. Numerous surface modified electrodes with compounds containing a hydroquinone moiety have been studied. Modified electrodes with hydroquinone can be used in the studying of electrocatalytical oxidation or reduction of different materials such as hydrogen peroxide (H 2 O 2 ).
H 2 O 2 forms during catalyzed reactions by different oxidase in many biological and environmental processes. 3 This compound regards as an elemental key in many different applications such as clinical, chemical, biological, food production and also it is widely used in pulp and paper bleaching, sterilization and many other industries. 4 Especially in food industry, H 2 O 2 is used for sterilizing and cleaning equipments applied for mixing, transporting and packing. 3 The other aspect of H 2 O 2 importance is in diary industry. This compound is known as an antibacterial agent in milk and it should be removed by the use of some catalase before milk to cheese microbiological transformation. 5 Also, H 2 O 2 is often produced as a by-product of some enzyme reactions, hence knowledge about reaction forward is up to determine the amount of produced H 2 O 2 . 6 Thus determination of this compound has a great point of interest. Many methods have been used for determination of H 2 O 2 such as chemiluminescence, 7 chromatography, 8 fluorimetric 9 and spectrophotometric. 10 However electrochemical sensors based on chemically modified electrodes were known as more reliable, selective and sensitive method with lower cost and ease of use and fast response time.
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From the analytical point of view direct reduction of H 2 O 2 at bare electrode is not working properly because of low kinetic and high over potential necessary for H 2 O 2 reduction on different electrode materials.
consequence, number of studies were done on the use of non-enzymatic sensors to decrease their limit of detection and extend their respond range. 15 Recently, noble nanomaterials have been widely used in analytical electrochemistry due to their high surface area, excellent biocompatibility, good conductivity and adsorption ability. 16 Silver nanoparticles (AgNPs) is one of these nanomaterials that used as catalyst in different reactions. 17 Graphene oxide (GO) is another nanomaterial that applied for modification of electrode surfaces because of its large surface area, perfect conductivity, excellent chemical stability and easy fabrication. 18 In this paper an enzyme free electrochemical sensor was fabricated based on the immobilization of TBHQ on silver nanoparticles deposited on graphene oxide and used for determination of H 2 O 2 concentration. The electrochemical behavior of nafion/graphene oxide/silver nanoparticles/TBHQ modified glassy carbon electrode (N-GO/AgNPs/TBHQ/GCE) is investigated. Moreover, the electrochemical properties of this modified electrode for determination of H 2 O 2 is studied. Finally, this sensor has been used for the determination of the H 2 O 2 amount in different real samples.
Experimental
Reagents and apparatus H 2 O 2 solution (30%), nafion, H 2 SO 4 (98%), KMnO 4 , HCl (37%), silver nitrate (99.8%), TBHQ and the other chemical reagents used for preparation of the buffer solutions were purchased from Merck and used as received. The phosphate buffer solutions (0.1 mol L -1 ) were prepared with phosphoric acid and NaOH. GO was synthesized by the improved Hummers method. [19] [20] [21] Transmission electron microscopy (TEM) characterization of the graphene oxide nanosheets was performed using a microscope LEO 912AB. A droplet of graphene oxide dispersion was cast onto a TEM copper grid and the solvent was evaporated overnight at room temperature.
Electrochemical experiments were performed with a µ-Autolab potentiostat (Eco Chemie Utrecht) with GPES 4.9 software. The cell was equipped with a N-GO/AgNPs/TBHQ/GCE as a working electrode, a platinum electrode as an auxiliary electrode and a Ag/AgCl/3 mol L -1 KCl as a reference electrode. The pH measurement was performed with a Metrohm model 691 pH/mV meter. The morphological features and surface characteristics of the GO/AgNPs/TBHQ were studied using a scanning electron microscope (SEM) unit (HITACHI-3000 SH Model).
Preparation of modified electrodes
The working electrodes were prepared as following procedure. At first, GCE was carefully polished mechanically with 0.05 µm of Al 2 O 3 slurry on a polishing cloth and then rinsed with doubly distilled water. After cleaning, it was immersed in a 0.1 mol L -1 sodium bicarbonate solution and was activated by a continuous potential cycling from −1.45 to 1.7 V at a sweep rate of 100 mV s -1 . According to the literature, during activation of the GCE surface, carboxyl and hydroxyl active groups are formed on the GCE surface. 22, 23 Therefore, the existence of electronegative active atoms such as fluorine and oxygen on nafion, as well as the presence of carboxyl and hydroxyl groups on the GO, suggests that activation on the electrode surface result in formation of suitable interactions in order to better immobilize two compounds (GO and nafion) on the electrode surface.
For preparation of nafion-graphene oxide modified glassy carbon electrode (N-GO/GCE) 2 µL of a homogenized nafion-graphene oxide mixture (1 mg per 5 mL) was placed directly on to the activated GCE surface and dried at room temperature to form a graphene film at the GCE surface. Then, the N-GO/GCE was modified by a continuous potential cycling from −0.7 to 1.9 V at a sweep rate of 80 mV s -1 for 8 cycles in a solution containing 1 mmol L -1
AgNO 3 and 100 mmol L -1 nitric acid. As a final point, the modified electrode was rinsed with doubly distilled water and dried in air to give a silver nanoparticles modified N-GO/GCE (N-GO/AgNPs/GCE). 24 For the fabrication of N-GO/AgNPs/TBHQ/GCE, the N-GO/AgNPs/GCE was rinsed with doubly distilled water and was modified by 8 cycles of potential sweep between −230 and 70 mV at 20 mV s -1 in a 1.0 mmol L -1 solution of TBHQ in a 0.1 mol L -1 phosphate buffer solution (pH 7.0) (Scheme 1). The AgNPs/TBHQ/GCE was prepared by the same procedure for N-GO/AgNPs/TBHQ/GCE without graphene oxide. Moreover, TBHQ modified GCE (TBHQ/GCE) and N-GO/TBHQ/GCE were prepared by same procedure as N-GO/AgNPs/TBHQ/GCE preparation, but without graphene oxide and silver nanoparticles, and without silver nanoparticles, respectively. Before every cyclic voltammetry (CV) experiments, the elimination of oxygen was performed via nitrogen purge based on previously published protocol.
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Results and Discussion
TEM imaging results Figure 1 shows TEM micrograph of a typical graphene oxide nanosheet deposited on a standard TEM grid. The Vol. 27, No. 9, 2016 sheet was several micrometers in dimension with the wrinkled (rough) surface texture. High-resolution TEM micrograph clearly illustrated the amorphous nature of the graphene oxide nanosheet. , with low peak currents, relatively high peak separations, low capacitance currents and for N-GO/AgNPs/TBHQ/GCE a pair of well-defined redox couple of TBHQ ( Figure 2c ) with high peak response, low peak potential separation and relatively high capacitance currents are observed, suggesting that the reversibility of TBHQ is significantly improved. Additionally, in order to provide a comparison, the sensor was prepared without addition of TBHQ onto the surface ( Figure 2d ). As it can be seen in Figure 2d , in absence of TBHQ (in our investigation potential range) there is no peak relating to redox of the agents and this observation can show properly that function of sensor by the immobilized TBHQ at the surface of N-GO/AgNPs/GCE. The increase of the peak currents and decrease of the peak potential separation for N-GO/AgNPs/TBHQ/GCE, indicate that the reversibility of TBHQ is improved at the N-GO/AgNPs surface. Also, we deduced that N-GO/AgNPs composition will increase the surface area of the modified electrode, so the background voltammetric response (capacitance current) and sensitivity of N-GO/AgNPs modified surface are higher than those for the N-GO, and AgNPs modified surfaces. Therefore, N-GO/AgNPs can be used as a new material for immobilizing and electron transfer reactions of TBHQ. shows the anodic and the cathodic peak currents (I pa and I pc ) values versus the potential scan rates. The linearity dependence indicates that the nature of the redox process is diffusion less controlled. Also, when the potential was scanned between −230 and 70 mV, a surface immobilized redox couple with a formal potential (E 0 ') value of −83 mV was observed for N-GO/AgNPs/TBHQ/GCE. Moreover, the formal potential, E 0 ', is almost independent of the potential scan rate for scan rates ranging from 5 to 150 mV s -1 , suggesting facile charge transfer kinetics over this range of scan rates. The studies on peak to peak potential separation (∆E p = E pa − E pc ) variation as a function of scan rate on the N-GO/AgNPs/TBHQ/GCE exhibit that ∆E p is almost constant within the range of 5-150 mV s -1 ( Figure S1b ). At high scan rates, the separation between peak potentials increases with increasing scan rates ( Figure S1c ), indicating the limitation arising from charge transfer kinetics. The surface charge transfer rate constant, k s , and the charge transfer coefficient, α, for the electron transfer between the electrodeposited TBHQ and N-GO/AgNPs were estimated from the variation of the oxidation and reduction peak potentials with the sweep rate according to the procedure of Laviron. 26 This theory predicts a linear dependence of E p upon log ν for high scan rates, which can be used to extract the kinetic parameters of α and k s from the slope and intercept of such plots, respectively. Transfer coefficient, α, can range from zero to one, which is as an indicator of the symmetry of the barrier to reaction. 27 The large value of k s indicates that the charge transfer rate on the surface of N-GO/AgNPs/TBHQ/GCE is high. From the values of ∆E p corresponding to different potential scan rates of 900-3000 mV s -1 , an average value of k s and α were obtained, 6.15 ± 0.150 s -1 and 0.52, respectively. The obtained k s value is higher than the previously reported values for other works such as k s = 6.3 and 6.0 s -1 .
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Characterization of the surface morphology of N-GO/ AgNPs/TBHQ/GCE
The surface morphologies of different electrodes were characterized by SEM, since the morphology was also related to the performance of the electrode. Figure 3 shows the morphologies of N-GO/AgNPs/GCE (Figure 3a) and N-GO/AgNPs/TBHQ/GCE (Figure 3b ). Figure 3a shows that AgNPs is successfully immobilized on the electrode surface of N-GO/GCE after electrochemical deposition. Figure 3b shows that TBHQ has been completely immobilized on the electrode surface of N-GO/AgNPs/GCE. Figure 4B, curve b) . But, as it can be seen, at N-GO/AgNPs/TBHQ/GCE, the reduction of H 2 O 2 gives rise to a typical electrocatalytic response at −97 mV ( Figure 4C , curve b), with an cathodic peak current that is greatly enhanced over that observed for the AgNPs/TBHQ/GCE ( Figure 4B, curve b) , and N-GO/TBHQ/GCE ( Figure 4A, curve b) .
In addition, the cathodic peak potential for the reduction of H 2 O 2 at N-GO/AgNPs/TBHQ/GCE ( Figure 4A dramatic enhancement of the peak current occur for H 2 O 2 at the N-GO/AgNPs/TBHQ/GCE surface. Indeed, in the first step the immobilized TBHQ at the surface of electrode participates in oxidation reaction in positive potentials and converts to TBQ, therefore, at the beginning of cyclic voltammograms all the immobilized TBHQ converts to TBQ which these TBQ at the potential of −97.0 mV (Figure 4 , curve a) leads to cathodic current. In reverse cycle the formed TBHQ at the surface of electrode converts to TBQ by applying potential of −55.0 mV and anodic current observes. Figure 4 (curve a) shows the process of redox reaction TBHQ. The equation 1 is mentioned as semi reversible electrochemical reaction (E r ). While in the presence of H 2 O 2 by applying cathodic potential TBQ converts to TBHQ. Some of generated TBHQ at the surface of electrode with H 2 O 2 participates in oxidation process and again converts to TBQ. Based on equation 2, generated TBQ at the surface of electrode participates in reduction process and leads to increase in cathodic current. On the other hand some of TBHQ oxidized in this step and, therefore, in reverse step, by decreasing the amount of TBHQ, anodic current decreases towards the previous step (absence of H 2 O 2 ). This mechanism is "E r C i '" based on mentioned concepts. Thus, based on this result, the catalytic mechanism can be expressed as shown in equations 1 and 2.
(1)
The data obtained clearly indicate that the combination of TBHQ, N-GO and AgNPs definitely improve the characteristics of H 2 O 2 reduction. The electrocatalytic reduction characteristics of H 2 O 2 at various modified electrode surfaces at pH 7.0 are summarized in Table S1 (see Supplementary Information section) . ( Figure S2a) , was found to be linear, suggesting that at sufficient over-potential the process is diffusion rather than surface controlled. These results exhibit that the overall electrochemical reduction of H 2 O 2 at the modified electrode might be controlled by a cross-exchange process operating between the redox site of N-GO/AgNPs/TBHQ/GCE and the diffusion of H 2 O 2 . For such mechanism and derived a relationship between the peak current and the concentration of the substrate for a case of a slow scan rate, v, and a large catalytic rate constant, k', which is the catalytic rate constant between N-GO/AgNPs/TBHQ/GCE and H 2 O 2 , thus, this value of k' explains a good catalytic feature for the oxidation of H 2 O 2 at N-GO/AgNPs/TBHQ/GCE. The higher k' value shows higher rate of electron transfer and with the increase in rate of electron transfer the cathodic peak current and sensitivity of determination would be increased. Andrieux Figure S2b . This part of the voltammogram, known as Tafel region, is affected by electron transfer kinetics between the H 2 O 2 and the surface confined N-GO/AgNPs/TBHQ/GCE. In this condition, the number of electrons involved in the rate determining step can be estimated from the slope of the Tafel plot (inset of Figure S2b ). 27 The Tafel plots were drawn using points of the Tafel region of the linear sweep voltammograms in Figure S2 . In this work, an average value of 0.32 ± 0.01 is obtained for the kinetic parameter of the anodic charge transfer coefficient, α a , assuming the rate determining step of the electron transfer process between H 2 O 2 and the modified electrode contained one electron (n α = 1).
Furthermore, chronoamperometry in pH 7.0 phosphate buffer (0.1 mol L -1 ) containing different concentrations of H 2 O 2 was applied at N-GO/AgNPs/TBHQ/GCE to estimate the diffusion coefficient, D, of H 2 O 2 . Figure S3 , show the chronoamperograms obtained at a potential step of −150 mV. For an electroactive material (H 2 O 2 in this case) with a diffusion coefficient of D, the current observed for the electrochemical reaction at the mass transport limited conditions described by the Cottrell equation. 27 Under diffusion control, a plot of I versus t -1/2 will be linear, and from the slope the value of D can be obtained. Figure S3a shows the experimental plots with the best fits for different concentrations of H 2 O 2 employed. The slopes of the resulting straight lines were then plotted versus the H 2 O 2 concentration ( Figure S3 , inset b), from whose slope we calculated a diffusion coefficient of 2.02 × 10 -6 cm 2 s -1 .
Differential pulse voltammetric studies
Differential pulse voltammetry, DPV, has a much higher current sensitivity than cyclic voltammetry, and it can be used to determine the linear range and to estimate the detection limit of H 2 O 2 . Figure 5 shows the voltammetric response of N-GO/AgNPs/TBHQ/GCE to different H 2 O 2 concentrations. Voltammograms clearly show that the plot of peak current vs. ). The average voltammetric peak current and the precision estimated in terms of the coefficient of variation for repeated measurements (n = 15) of 5.0 µmol L -1 H 2 O 2 at N-GO/AgNPs/TBHQ/GCE were −0.382 ± 0.013 µA and 2.6%, respectively. This coefficient of variation value indicates that N-GO/AgNPs/TBHQ/GCE is stable and does not undergo surface fouling during the voltammetric measurements. A comparison of the analytical performance of N-GO/AgNPs/TBHQ/GCE for electrocatalytic reduction of H 2 O 2 with other sensors is presented in Table 1 .
The results of Table 1 show that these values are comparable with values reported by other research groups.
As it can be seen in Table 1 , the present work in comparison to all the manuscripts listed below (except reference 38) has wider linear range. About the detection limit, in comparison to the mentioned works in Table 1 , except the references 39, 40 and 41, has the lowest detection limit, but the presented nanosensor is more simple and inexpensive.
In addition, to estimate the repeatability of the nanosensor, the response of modified electrode toward determination of H 2 O 2 in period of time were investigated daily. The modified electrodes were utilized by the described method in the Experimental section for determination of different solution of 20 µmol L -1 H 2 O 2 with differential pulse voltammetry method. By assuming relative standard deviation, RSD = 5%, the prepared modified electrode has proper stability for about 14 days. While the utilized electrode after determination of H 2 O 2 has just stability for about 3 days. Based on this, it is recommend to remodify the electrode in order to determine H 2 O 2 with high sensitivity.
Determination of hydrogen peroxide in beverages and milk
From the results that are mentioned in the previous section, it is apparent that N-GO/AgNPs/TBHQ/GCE has a good detection limit and high sensitivity to H 2 O 2 determination in real samples. The modified electrode was used to measure H 2 O 2 in some beverages in order to test its practical application. For this purpose 5 mL of different beverages sample and milk was diluted to 10 mL with a 0.1 mol L -1 phosphate buffer solution (pH 7.0). Then, certain amounts of H 2 O 2 were added and their recovery was determined by differential pulse voltammetry. The results were obtained using the proposed method and (Table 2) show that the recoveries are in the range of 97.00 to 102.5%.
Conclusions
Based on the results obtained in this manuscript, it is concluded that the composition of N-GO and AgNPs at the surface of GCE can increase background voltammetric response (capacitance current) and sensitivity of TBHQ. Therefore, the N-GO/AgNPs/TBHQ/GCE is fabricated and then used as a new sensor for electrocatalytic reduction of H 2 O 2 . This modified electrode exhibits an electrocatalytic behavior to H 2 O 2 reduction at a much lower over potential compared with the N-GO/TBHQ/GCE and A g N P s / T B H Q / G C E . T h e a v e r a g e v a l u e s 8. 
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